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R E V I E W S  A N D  S Y N T H E S E S
Optimization of native biocontrol agents, with parasitoids of 
the invasive pest Drosophila suzukii as an example

















The	development	of	biological	 control	methods	 for	 exotic	 invasive	pest	 species	
has	 become	more	 challenging	 during	 the	 last	 decade.	 Compared	 to	 indigenous	
natural	enemies,	species	from	the	pest	area	of	origin	are	often	more	efficient	due	
















tion.	 Insight	 into	 the	causes	of	variation	 informs	us	on	how	and	 to	what	extent	
candidate	agents	can	be	 improved.	Moreover,	 it	aids	 in	predicting	the	effective-
ness	of	the	agent	upon	release	and	provides	insight	into	the	selective	forces	that	
are	 limiting	 the	 adaptation	 of	 indigenous	 species	 to	 the	 new	 pest.	We	 use	 this	
knowledge	 to	 give	 future	 research	 directions	 for	 the	 development	 of	 selective	
breeding	methods	for	biocontrol	agents.
K E Y W O R D S
artificial	selection,	biological	control	agent,	coevolution,	exotic	species,	host–parasite	
interactions,	pest	management,	phenomics,	spotted	wing	Drosophila








fly	 has	 invaded	 Europe	 and	 North	 America	 since	 2008	 (Calabria,	
Máca,	Bächli,	Serra,	&	Pascual,	2012;	Cini,	Ioriatti,	&	Anfora,	2012;	
Hauser,	2011)	and	causes	 large	economic	damage	to	a	wide	range	
of	 soft	and	stone	 fruits	 (Bolda,	Goodhue,	&	Zalom,	2010;	De	Ros,	












To	 develop	 a	 biocontrol	 managing	 strategy,	 a	 control	 agent	






























may	not	meet	 the	number	of	 control	 agents	needed	 in	 the	 future	
(Lommen	 et	al.,	 2017).	 A	 promising	 approach	 is	 to	 exploit	 natural	




the	 most	 competent	 strain	 (“strain	 selection”)	 for	 biocontrol	 and	
(b)	selecting	only	those	 individuals	from	population(s)	with	desired	
traits	to	form	the	parents	of	the	next	generation	(“selective	breed-
ing”	 or	 “artificial	 selection”).	 Surprisingly,	 although	 this	 has	 been	
proposed	 in	 the	 literature	 repeatedly	 (Hopper,	 Roush,	 &	 Powell,	
1993;	Hoy,	1986)	and	has	been	widely	applied	in	traditional	agricul-















respond	to	environmental	change	 (genotype	 [G]	×	environment	 [E]	






in	 the	 range	 of	 relevant	 environmental	 conditions)	 or	 one	 can	 in-
trogress	alleles	in	the	agent	enabling	adaptation	to	the	target	area	of	
release	(Hayes,	Daetwyler,	&	Goddard,	2016).	Moreover,	the	success	






success	 of	 the	 agent	 depends	 on	 the	 genotype-	by-	genotype-	by-	
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additional	management	strategies	can	weaken	the	pest	population,	
which	makes	 it	more	susceptible	 to	 the	control	agent,	and	 this	 in-
creases	the	killing	efficiency	of	the	agent.	Moreover,	the	killing	ef-




















be	 exploited,	 as	 described	 by	 Lommen	 et	al.	 (2017).	 In	 addition,	
we	 show	 that	 besides	 genetic	 factors,	 knowledge	 of	 biotic	 and	
abiotic	factors	that	affect	the	interaction	between	the	biocontrol	
agent	 and	 the	 pest	 is	 crucial	 for	 optimization.	We	 illustrate	 this	
approach	with	a	case	study	on	the	new	invasive	pest	D. suzukii and 
its	 important	natural	enemies,	parasitoids.	Development	of	envi-











2  | IMPROVEMENT OF NATUR AL ENEMIES 





enabling	high	biocontrol	 performance,	 that	 is,	 efficient	 (large-	scale)	











first step is to investigate the interspecific variation of natural enemies 
































1476  |     KRUITWAGEN ET Al.
TABLE  1 List	of	biocontrol	traits	that	determine	the	performance	of	a	(potential)	biocontrol	agent
B iocontrol traits 
that determine 
performance
E xample of species trait values that determine 
performance
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When	the	selected	species	 shows	suboptimal	performance	 for	
relevant	biocontrol	traits,	they	should	be	subject	to	optimization.	So	
far,	 indigenous	parasitoids	 that	occur	 in	 the	 invaded	area	of	D. su-
zukii,	and	that	have	been	studied,	have	low	killing	efficiency	against	
D. suzukii	 (Chabert	 et	al.,	 2012;	 Kacsoh	 &	 Schlenke,	 2012),	 which	
hinders	their	use	as	biocontrol	agent.	However,	individuals	of	some	
parasitoid	species	are	able	to	parasitize	D. suzukii	and	cause	fly	death	






is	 required.	 Thus,	 the second step is to investigate the intraspecific 
variation.	Phenotypic	differences	among	strains	of	the	same	natural	
enemy	species	are	a	first	indication	that	genetic	trait	variation	may	
B iocontrol traits 
that determine 
performance
E xample of species trait values that determine 
performance
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exist,	which	may	be	exploited	 for	developing	of	a	 (more)	effective	
biocontrol	agent	assuming	that	the	variation	is	heritable.	However,	





important	 aspect	 of	 the	 optimization	 as	 agents	may	 perform	 bet-






exploited	 for	 optimization	 depends	 on	 the	 genetic	 basis	 of,	 and	
(stochastic)	environmental	effects	on,	the	expression	of	the	trait	
of	interest.	Hence,	the third step is to determine environmental and 
genetic factors that shape the biocontrol trait variation.	 Insight	into	
the	amount	of	genetic	variation	and	genetic	architecture	of	traits	








correlated	 responses	 might	 therefore	 either	 (a)	 occur	 between	
traits	determining	the	same	biocontrol	trait	like	“killing	efficiency”	




















into	 the	 extent	 of	 phenotypic	 plasticity	 (i.e.,	 the	 different	 phe-
notypes	a	genotype	can	produce	 in	different	environments),	and	
which	 environmental	 factors	 influence	 expression	 of	 the	 trait(s)	
of	 interest.	The	collection	of	all	possible	phenotypes	across	time	
(e.g.,	 developmental	 stages)	 and	 space	 (e.g.,	 geographic	 regions)	



















































number	 of	 variable	 biotic	 and	 abiotic	 factors	 in	 the	 field	 than	
under	laboratory	conditions.	This	may	influence	their	killing	ability	
of	 the	pest.	For	example,	 temperature	differences	and	 the	pres-
ence	of	competitors	can	alter	the	agents’	performance	in	the	field	
(Andrade,	 Pratissoli,	 Dalvi,	 Desneux,	 and	 Santos	 Junior	 (2011);	
Boivin	and	Brodeur	(2006).	Hence,	knowledge	about	environmen-







At	last,	the fourth step is to exploit the available variation and 
select (for) an agent with the most optimal combination of pheno-
typic traits.	 This	 can	 be	 either	 through	 (a)	 choosing	 the	 most	
competent	 strain	 for	 the	 target	 area	 (“strain	 selection”),	 (b)	
crossing	 populations	 present	 in	 the	 invaded	 area	 and/or	 with	
ones	 that	 are	 native	 of	 the	 pest	 (“cross-	breeding”),	 and/or	 (c)	




(trait	 values	of	 the)	 different	biocontrol	 traits.	At	 each	 round,	
the	 selected	 agent	 should	 be	 tested	 for	 its	 ability	 to	 be	mass	
reared	 and	 for	 its	 performance	 success	 in	 the	 target	 area,	 to	
assess	 whether	 it	 can	 be	 implemented	 in	 pest	 management,	







3  | STEPS 1 AND 2:  E XPLORING INTER-  
AND INTR A SPECIFIC VARIATION IN 
KILLING EFFICIENCY
3.1 | Parasitoids in the invasive area: Europe and 
North America
Several	 surveys	 performed	 in	 Europe	 (France,	 Spain,	 Italy,	 and	
Switzerland)	 and	 North	 America	 (Canada,	 USA,	 and	 Mexico)	 ex-
plored	 the	 ability	 of	 native	 parasitoids	 to	 parasitize	 the	 invasive	
D. suzukii.	A	total	of	17	parasitoid	species	have	been	investigated.
3.1.1 | Interspecific variation
In	 only	 24%	 of	 the	 investigated	 species,	 a	 population	 has	 been	
found	with	a	high	parasitization	success	rate	 (61%–100%,	Table	2).	
Two	 pupal	 parasitoids,	 Pachycrepoideus vindemmiae and Trichopria 
Drosophilae,	were	repeatedly	reported	to	parasitize	and	emerge	from	
D. suzukii.	 Two	 other	 pupal	 parasitoids,	 Spalangia erythromera and 
Vrestovia fidenas,	 and	one	 larval	 parasitoid,	Leptopilina heterotoma,	
were	 recorded	 once	 (Table	2).	 Other	 species,	 in	 particular	 those	
that	 parasitize	 the	 larval	 stage,	 such	 as	Asobara tabida,	Leptopilina 
clavipes, and Leptopilina boulardi,	did	not	survive	in	or	emerge	from	





Although	most	parasitoid	 species	 could	not	 successfully	parasitize	
D. suzukii,	 intraspecific	 variation	 indicates	 potential	 future	 adapta-
tion	to	the	pest.	For	example,	French	A. tabida	strains	collected	from	
Igé	and	Sablons	showed	little	to	no	attempt	(0%–1.25%)	to	oviposit	
in D. suzukii	 larvae	(Chabert	et	al.,	2012),	whereas	a	Swedish	strain	
and	another	French	strain	collected	in	Sospel	showed	an	infestation	
rate	of	about	50%	and	80%,	respectively	(Kacsoh	&	Schlenke,	2012).	
Also,	 whereas	 L. boulardi	 was	 not	 able	 to	 emerge	 from	 D. suzukii,	
Chabert	et	al.	(2012)	reported	that	they	do	oviposit	in	D. suzukii and 
induce	high	host	mortality.	Between-	population	differences	in	para-
sitization	success	were	also	found	among	the	three	species	capable	
of	 successfully	 parasitizing	 D. suzukii	 (Table	2).	 Leptopilina hetero-
toma	from	Oregon,	northwest	Italy,	France,	California,	Sweden,	and	
Switzerland	were	not	able	 to	complete	 their	 life	 cycle	when	para-
sitizing	D. suzukii	 in	 the	 laboratory	 (Chabert	et	al.,	2012;	Kacsoh	&	
Schlenke,	2012;	Knoll,	Ellenbroek,	Romeis,	&	Collatz,	2017;	Mazzetto	
et	al.,	2016;	Poyet	et	al.,	2013;	Stacconi	et	al.,	2015),	but	an	Italian	
population	 from	Trento	 could	 (Stacconi	 et	al.,	 2015).	 Furthermore,	
wasps	from	a	French	population	were	not	able	to	overcome	the	flies’	
immune	defense	to	produce	viable	offspring,	although,	similar	to	an-
other	population	 from	North	 Italy	 (Lombardy	and	Piedmont),	 they	
did	 oviposit	 and	 caused	 fly	 death	 (Chabert	 et	al.,	 2012;	Mazzetto	




zukii. For	example,	 the	 success	 rate	differed	between	 two	popula-
tions	within	France	(Chabert	et	al.,	2012),	and	between	populations	
from	South	Korea	and	California	in	which	the	Californian	population	
unexpectedly	performed	significantly	better	on	D. suzukii than the 








D ocumented parasitoids of 
D. suzukii in the field
P arasitization 
success in the 
laboratory and 
encapsulation rate
F ly infestation rate 
(infestation) or 



















Spain Yes,	on	infested	D. suzukii 
traps
Yes,	high	success High	infestation Gabarra et al. 
(2015)
Switzerland Yes,	high	success Knoll	et	al.	(2017)










































Pachycrepoideus	sp. Georgia Yes,	low	success Low	inadequacy Kacsoh	and	
Schlenke	(2012)






















Yes,	high	success Medium	infestation Gabarra et al. 
(2015)
(Continues)
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Natural enemy Country/state
D ocumented parasitoids of 
D. suzukii in the field
P arasitization 
success in the 
laboratory and 
encapsulation rate
F ly infestation rate 
(infestation) or 




















Trichopria sp. California Yes,	high	success Low	inadequacy Kacsoh	and	
Schlenke	(2012)
France Yes,	high	success No	inadequacy Kacsoh	and	
Schlenke	(2012)




Spalangia erythromera Switzerland Yes,	high	success Knoll	et	al.	(2017)
Vrestovia fidenas Switzerland Yes,	low	success Knoll	et	al.	(2017)
Larval	parasitoids















Switzerland No	success No	inadequacy Knoll	et	al.	(2017)
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Natural enemy Country/state
D ocumented parasitoids of 
D. suzukii in the field
P arasitization 
success in the 
laboratory and 
encapsulation rate
F ly infestation rate 
(infestation) or 
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3.2 | Parasitoids in the native area: Asia
The	parasitoid	species	that	attack	D. suzukii	populations	in	the	area	
of	 origin,	 Asia,	 have	 not	 been	 thoroughly	 investigated.	 The	 first	
publications	on	natural	enemies	of	D. suzukii	only	appeared	in	2007	
(Mitsui,	van	Achterberg,	Nordlander,	&	Kimura,	2007),	and	research	
has	mainly	 focused	on	parasitoid	species	 in	Japan	and	to	a	 limited	
extent	 on	 species	 from	China	 and	Korea	 (Table	3).	 A	 total	 of	 two	
pupal	 and	 14	 larval	 parasitoids	 have	 been	 identified	 that	 are	 able	




Of	 the	 16	 investigated	 parasitoid	 species,	 88%	 are	 able	 to	 suc-
cessfully	 parasitize	 D. suzukii	 in	 the	 field	 and/or	 in	 the	 labora-




this	 genus	 in	 their	 ability	 to	 accept	D. suzukii	 for	 oviposition	 and	
successful	 development	 to	 adulthood:	 While	 A. pleuralis did not 
oviposit	 in	D. suzukii	 (Nomano	et	al.,	2015),	A. tabida, A. rufescens, 
and A. rossica	 did	 oviposit	 but	 all	 individuals	 died	 in	 the	 fly	 host	
(Nomano	 et	al.,	 2015).	 Only	 A. sp.	 TS1,	 A. sp.	 TK1,	 A. japonica, 
A. leveri, and A. brevicauda	would	readily	accept	D. suzukii	 for	ovi-
positon	 and	 were	 able	 to	 complete	 development	 (Daane	 et	al.,	
2016;	Guerrieri,	Giorgini,	 Cascone,	Carpenito,	&	 van	Achterberg,	
2016;	 Ideo,	Watada,	Mitsui,	&	Kimura,	2008;	Kacsoh	&	Schlenke,	
2012;	Mitsui	 &	 Kimura,	 2010;	 Nomano	 et	al.,	 2015).	 In	 an	 inter-
esting	 manner,	 while	 A. tabida, A. rufescens, and A. rossica could 





D ocumented parasitoids of 
D. suzukii in the field
P arasitization 
success in the 
laboratory and 
encapsulation rate
F ly infestation rate 
(infestation) or 















Switzerland No	success Low	inadequacy Knoll	et	al.	(2017)











































aReported	as	G. xanthopoda, but would be G. brasiliens	as	described	by	Nomano	et	al.	(2017).
TABLE  2  (Continued)
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TABLE  3 Overview	of	parasitoids	from	Asia	investigated	for	their	ability	to	parasitize	D. suzukii	in	the	field	and/or	in	the	laboratory
Natural enemy Country
D ocumented parasitoids of 
D. suzukii in the field
P arasitization success in 
the laboratory (rate 
given when possible) Reference
Pupal	parasitoids
Trichopria Drosophilae Korea Yes,	on	uninfested	traps Yes Daane	et	al.	(2016)
China Yes,	on	infested	D. suzukii	traps Zhu,	Li,	Wang,	Zhang,	and	
Hu	(2017)
Pachycrepoideus vindemmiae Korea No,	only	on	other	drosophilids Yes Daane	et	al.	(2016)
Larval	parasitoids
Asobara species	(unidentified) Japan Yes,	on	field-	collected	fruits.	<1%a Kasuya	et	al.	(2013)





















Asobara brevicauda Korea Yes,	on	field-	collected	fruits Daane	et	al.	(2016)























Asobara	sp.	TS1b Japan Yes,	on	field-	collected	fruits.	4.8%a 
parasitism	rate
Yes,	low Nomano	et	al.	(2015)

















Korea Yes,	on	field-	collected	fruits Yes Daane	et	al.	(2016)
(Continues)













cialized	on	D. suzukii	and	can	successfully	parasitize	D. suzukii but not 
D. lutescenes	 (Kasuya	et	al.,	2013).	 In	addition,	differences	 in	para-






4  | STEP 3:  UNDERSTANDING VARIATION 
IN D. SUZUKII–PAR A SITOID INTER AC TION
The	 killing	 efficiency	 of	 parasitoids	 depends	 on	 a	 complex	 two-	






4.1 | Sources of variation in D. suzukii
4.1.1 | Phenotypic variation and its 
causal mechanisms
The	 resistance	 level	 of	 the	 host	 is	 an	 important	 trait	 determin-
ing	the	outcome	of	host–parasitoid	interactions.	Like	several	other	
Drosophila	 species,	D. suzukii	 can	protect	 itself	 from	parasitoids	by	

















D ocumented parasitoids of 
D. suzukii in the field
P arasitization success in 
the laboratory (rate 
given when possible) Reference
Leptopilina japonica japonica Japan Yes,	on	field-	collected	fruits.	<1%a 
parasitism	rate
Kasuya	et	al.	(2013)
Korea Yes,	on	field-	collected	fruits Yes Daane	et	al.	(2016)
Leptopilina japonica formosana Korea Yes,	on	field-	collected	fruits Daane	et	al.	(2016)
Leptopilina boulardi Korea No,	only	from	other	drosophilids Daane	et	al.	(2016)













bUndescribed	species	from	Japan.	cPreviously	assigned	as	G. xanthopoda,	but	later	identified	as	G. brasiliens	by	Nomano	et	al.	(2017). There	seem	to	be	
different	 types:	one	specialized	on	D. suzukii (“D. suzukii-	associated	 type”)	and	one	unable	 to	parasitize	D. suzukii	 and	mainly	parasitize	D. lutescens 
(“D. lutescens-associated	type”)	(Kasuya	et	al.,	2013;	Nomano	et	al.	2017).
TABLE  3  (Continued)
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isolated	 populations	 start	 interbreeding	 (admixture	 events),	 the	
recombining	 of	 allelic	 variations	 can	 lead	 to	 increased	 genetic	
diversity.	Throughout	 the	course	of	 the	 invasion	of	D. suzukii,	 its	
genetic	 diversity	 changed	 through	 bottlenecks	 and	 admixture	
events	(Fraimout	et	al.,	2017).	A	comparison	of	the	host	genotype	
across	neutral	markers	(6–28	microsatellites)	and	six	X-	linked	loci	
in	 coding	 and	 noncoding	 sequences	 indicated	 relatively	 high	 in-




typic	variation	 in	 the	 invaded	populations	 that	can	contribute	 to	
the variable D. suzukii–parasitoid	outcome.
4.1.3 | Environmental effects
Differences	in	biotic	and	abiotic	environmental	conditions	can	influ-
ence	host	resistance	 levels.	By	 laying	eggs	 in	fruits	rich	 in	atropine,	
an	entomotoxic	alkaloid	present	 in	plants	of	 the	Solanaceae	 family, 
D. suzukii	 can	 enhance	 resistance	 to	 parasitoids	 via	 transgenera-
tional	medication	 (Poyet	et	al.,	 2017).	Other	 abiotic	 factors	 that	 af-
fect	the	immune	response	in	drosophilids	are	temperature	(Fellowes,	
Kraaijeveld,	 &	 Godfray,	 1999;	 Fleury	 et	al.,	 2004),	 and	 host	 diet	
(Anagnostou,	 LeGrand,	 &	 Rohlfs,	 2010;	 Ayres	 &	 Schneider,	 2009;	
Howick	&	Lazzaro,	2014;	Meshrif,	Rohlfs,	&	Roeder,	2016).	In	addition,	
an	important	biotic	factor	affecting	the	immune	response	is	microbes.	
In Drosophila,	 the	 microbiome	 can	 affect	 immunity	 by	 increasing	
(Teixeira,	Ferreira,	&	Ashburner,	2008;	Xie,	Butler,	Sanchez,	&	Mateos,	
2014)	 or	 decreasing	 resistance	 (Fytrou,	 Schofield,	 Kraaijeveld,	 &	
Hubbard,	 2006),	 depending	 on	 microbial	 composition	 and/or	 host	
genetic	 background	 (Chaplinska,	 Gerritsma,	 Dini-	Andreote,	 Salles,	















in the D. suzukii–parasitoid	interaction.
4.1.4 | Implications for selection or selective 
breeding of a biocontrol agent
To	assure	high	parasitization	success	of	 the	control	agent,	a	D. su-
zukii	population	has	 to	be	chosen	 for	selective	breeding	 (and	 later	
for	mass	rearing)	similar	to	those	in	the	target	area.	It	 is	 important	
to	prime	 the	agent	 for	 an	efficient	 attack	because	 there	might	be	














To	 increase	 the	 success	 of	 a	 control	 agent,	 some	 factors	 that	
weaken	 the	 pest	may	 be	manipulated	 for	 pest	management.	 The	
maintenance	 of	 the	 immune	 system	 in	 the	 absence	 of	 infection,	
and	 the	 investment	 in	 mounting	 a	 defense	 when	 infected,	 both	
have	clear	fitness	costs,	as	resources	allocated	toward	the	immune	
system	 cannot	 be	 invested	 in	 other	 life	 history	 traits.	Drosophila 
melanogaster	 for	 instance	 had	 a	 lower	 reproductive	 success	 after	
an	 immune	 challenge	 (Nystrand	 &	 Dowling,	 2014)	 and	 lines	 se-
lected	 for	 increased	 immunity	 had	 a	 lower	 larval	 competitive	











relative	humidity	 (<71%	RH)	decrease	 the	 intrinsic	 rate	of	popula-
tion	 increase	of	D. suzukii	 (Tochen	et	al.,	 2014,	2016).	 It	would	be	
interesting	to	investigate	whether	these	factors	also	increase	their	
susceptibility	to	parasitoids.
4.2 | Sources of variation in parasitoids of D. suzukii
4.2.1 | Phenotypic variation and its causal 
mechanisms
Natural	enemies	 require	virulence	strategies	 to	overcome	host	 re-
sistance	 of	 D. suzukii.	 Most	 parasitoids	 in	 the	 invasive	 area,	 such	
as	 larval	 parasitoids	 A. tabida,	 L. boulardi,	 L. victoriae, and G. xan-
thopoda,	 do	 oviposit	 in	 D. suzukii,	 but	 their	 success	 rate	 is	 rather	
low	as	their	mortality	is	nearly	100%	(Table	2).	The	medium-	to-	high	
(30%–100%)	 ability	 of	 the	 generalist	 pupal	 parasitoids	 P. vindem-
miae and T.cf. drosophilae	 to	 parasitize	D. suzukii	 (Table	2)	 suggests	





virulent	 strategy	 that	 is	 nonspecies	 specific.	 The	 larval	 parasitoid	
L. heterotoma	is	also	able	to	some	(low)	extent	to	successfully	para-





2009;	 Mortimer,	 2013;	 Poirié,	 Carton,	 &	 Dubuffet,	 2009),	 which	
therefore	might	play	a	role	in	the	observed	intraspecific	variation	in	
D. suzukii–parasitoid	outcome.
Parasitization	 ability	 is	 also	 influenced	 by	 the	 parasitoid’s	
ability	to	find	the	host.	This	depends	on	their	ability	to	use	host	












2015),	 which	might	make	 alternative	 highly	 infested	 patches	 of	
other	 drosophilids	 species	more	 attractive	 and	 time-	efficient	 to	




able	 to	 successfully	 parasitize	D. suzukii	 in	 the	 laboratory	might	
not	 be	 able	 to	 localize	 the	 pest	 in	 the	 field.	 Parasitoids	 how-
ever	have	been	found	emerging	from	D. suzukii	baited	field	traps	
in	 Europe	 and	 North	 America	 (Table	2)	 (Stacconi	 et	al.,	 2013;	
Gabarra,	Riudavets,	Rodriguez,	Pujade-	Villar,	&	Arno,	2015;	Miller	
et	al.,	2015;	A.	Kruitwagen,	unpublished	results).	However,	due	to	
limitations	 in	 experimental	 setups,	 no	 clear	 conclusions	 can	 yet	
be	 drawn	on	 natural	 parasitization	 rates	 of	D. suzukii relative to 
other	 drosophilids	 and	 on	 the	 parasitoid’s	 ability	 and	 efficiency	
to	 localize	and	exploit	D. suzukii	host	patches.	Field	experiments	
either only included D. suzukii	baited	traps	(Gabarra	et	al.,	2015),	
so	parasitization	could	not	be	compared	with	other	fruit	flies,	or	
baits	were	placed	in	such	a	way	that	parasitoids	may	be	attracted	




teraction	 in	 nature	 and	 to	 assess	which	 factors	might	 stimulate	
host-	finding	ability.
4.2.2 | Genetic effects
Virulence,	 the	 ability	 to	 infest	 or	 harm	 the	 host,	 is	 determined	 at	
least	partly	by	the	genotype	of	the	parasitoid	(Carton	&	Nappi,	1989;	
Dubuffet	et	al.,	2007;	Dupas	&	Boscaro,	1999;	Dupas,	Frey,	&	Carton,	
1998;	 Goecks	 et	al.,	 2013;	 Kraaijeveld,	 Hutcheson,	 Limentani,	 &	
Godfray,	2001).	A	well-	studied	example	is	the	parasitoid	L. boulardi,	
which	shows	intraspecific	variation	in	its	ability	to	suppress	the	host	
immune	response	in	D. melanogaster and D. yakuba	(Dubuffet	et	al.,	





anogaster	 but	 not	 against	 D. yakuba	 (Dubuffet	 et	al.,	 2007).	 The	
other	strain	is	homozygous	for	alleles	for	virulence	against	D. yakuba 






Different	 environmental	 conditions	 influence	 the	 performance	 of	
parasitoids.	Two	important	stress	factors	are	temperature	(Delava,	
Fleury,	 &	 Gibert,	 2016;	 Ris,	 Allemand,	 Fouillet,	 &	 Fleury,	 2004)	
and	 insecticides	 (Cossentine	 &	 Ayyanath,	 2017;	 Komeza,	 Fouillet,	
Bouletreau,	&	Delpuech,	2001;	Rafalimanana,	Kaiser,	&	Delpuech,	
2002).	 Parasitism	 of	 P. vindemmiae,	 for	 example,	 was	 significantly	
negatively	 affected	 by	 Spinosad,	 a	 commonly	 used	 insecticide	
against	 D. suzukii	 (Cossentine	 &	 Ayyanath,	 2017).	 Hence,	 releas-
ing	P. vindemmiae	 as	 biological	 control	 agent	 in	 insecticide-	treated	
fields	might	 reduce	 its	efficiency.	Two	biotic	 factors	 that	can	alter	
parasitization	 success	 are	 heritable	 viruses	 that	 manipulate	 the	




is	 already	present	 as	 it	may	 reduce	 the	original	 agents’	 efficiency.	
In	 contrast,	 additive	 (Herrick,	 Reitz,	 Carpenter,	 &	 O’Brien,	 2008;	




4.2.4 | Implications for selection or selective 
breeding of a biocontrol agent
Of	 the	 indigenous	parasitoids,	 the	pupal	parasitoids	of	D. suzukii 
appear	 to	 have	 the	 highest	 biocontrol	 potential,	 as	 they	 seem	
not	 to	 be	 affected	 by	 the	 high	 resistance	 level	 of	 the	 pest.	 Yet,	
P. vindemmiae and T. drosophilae	have	a	relatively	wide	host	range.	
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This	 may	 cause	 high	 incidence	 of	 nontarget	 effects	 if	 released	
as	 control	 agent	or	 low	biocontrol	 efficiency	against	D. suzukii	 if	
they	have	higher	preference	for	other	host	species.	For	example,	
the	 pupal	 parasitoid	 P. vindemmiae	 can	 parasitize	 more	 than	 60	
fly	 species,	and	 is	even	able	 to	hyperparasitize	other	 (beneficial)	




able	 to	 develop	 on	 numerous	 Drosophila	 species	 (Carton	 et	al.,	
1986;	Mazzetto	et	al.,	2016).	The	use	of	those	species	as	control	
agents,	especially	P. vindemmiae,	therefore	requires	extensive	as-
sessment	 of	 ecological	 risks,	 intraguild	 predation,	 and	 potential	
effects	 on	 nontarget	 species	 (nontarget	 effects).	 Careful	 evalu-









The	 only	 indigenous	 larval	 parasitoid	with	 some	 parasitization	












influenced	 by	 both	 genetic	 and	 environmental	 factors.	 For	 se-
lective	 breeding,	 it	 is	 important	 to	 be	 aware	 of	 factors	 deter-
mining	 the	 agents’	 performance	 in	 the	 field	 and	 during	 (mass)	
rearing	as	they	are	often	different	from	experimental	laboratory	
conditions.	 Important	 factors	 to	 investigate	 include	 the	 host-	
finding	 ability	 of	 the	 agent	 in	 the	 field,	 phenotypic	 expression	
across	abiotic	conditions	(reaction	norm)	and	the	nature	of	their	
interactions	with	other	 species	 in	 the	 field.	Knowing	 these	 ef-









5  | STEP 4:  IMPROVE AND DETERMINE 








mixture	 of	 strains	 (e.g.,	 to	 increase	 genetic	 variation).	 Populations	
present	 in	 the	 invaded	 area	might	 also	 be	 crossed	with	 those	 co-
evolved	with	the	pest;	however,	their	 import	and	release	might	be	
slowed	down	by	national	and	international	regulations,	including	the	







described	 in,	 for	example,	Kawecki	et	al.	 (2012),	Garland	and	Rose	
(2009)	and	Lommen	et	al.	(2017).	They	include	exposing	a	population	
to	experimental	conditions	to	obtain	a	strain	adapted	to	the	specific	







loci	 of	 small	 effect	 are	 selected).	When	 the	 candidate	 agents’	 ge-
nome	 is	 sequenced,	 genetic	markers	may	 assist	 artificial	 selection	
when	variable	 genomic	 region(s)	 are	 identified	 that	 are	 associated	
with	 the	 target	 trait(s).	 Using	 these	 markers	 to	 select	 individuals	
for	trait(s)	of	interest	(marker-	assisted	selection/genomic	selection)	






2013),	 in	particular	parasitoids	 (e.g.,	Kraaijeveld,	Hutcheson,	 et	al.,	



























should	 therefore	 be	 chosen	 carefully	 to	maintain	 a	 fit	 population.	






Breeding	 and	 experimental	 conditions	 should	 preferably	 sim-
ulate	natural	 conditions	of	 the	 target	 area	 to	 enhance	 the	 agent’s	













field	 to	 localize	 and	 parasitize	 the	 pest	 (Boller,	 1972;	Giunti	 et	al.,	
2015).	Thus,	also	nonheritable	variation	can	be	exploited	in	the	op-
timization	process	of	strains,	 taking	advantage	of	 insights	 into	 the	



























et	al.,	 2017).	 In	 particular,	 the	 effect	 of	 phenotypic	 plasticity	 and	
correlated	responses	on	the	performance	of	the	agent	should	be	in-
vestigated.	To	determine	the	success	of	a	control	agent,	(semi-	)field	
experiments	 should	 be	 performed	 with	 preferably	 the	 same	 pest	
population	and	under	environmental	conditions	similar	as	in	the	tar-
get	area(s)	for	release	(e.g.,	crop	type,	climatic	conditions,	presence	





preferably	 on	 large	 scale	 (phenomics,	 see	 Box	1),	 to	 determine	 in	
which	 conditions	 the	 agent	 can	 be	 used.	 The	 second	 factor	 influ-
encing	 its	 success	 is	 correlated	 responses,	meaning	 that	 selection	
on	one	trait	might	change	the	expression	of	other	traits	(Kraaijeveld,	
Limentani,	 &	Godfray,	 2001;	Ueno,	De	 Jong,	&	Brakefield,	 2004).	
Trade-	offs,	 a	beneficial	 change	 in	one	 trait	 that	 is	 linked	 to	a	det-
rimental	 change	 in	 another,	 may	 be	 caused	 by	 genetic	 correla-
tions	 (pleiotropic	 effects,	 genetic	 linkage)	 or	 resource	 allocation	




Hutcheson,	et	al.,	2001).	Potential	 trade-	offs	and	 its	effect	on	 the	
agents’	efficiency	should	 therefore	be	 investigated	upon	selection	
to	secure	the	efficiency	of	the	control	agent.
6  | CONCLUSION AND FUTURE RESE ARCH 
DIREC TIONS
Finding	and	optimizing	potential	agents	requires	insight	into	natural	
variation	of	 traits	 important	 for	biological	control	and	factors	 that	
determine	 this	 variation.	 To	 what	 extent,	 native	 natural	 enemies	
can	be	optimized	by	selective	breeding	depends	on	the	genetic	ar-
chitecture	of	 the	target	 trait,	 the	amount	of	genetic	variation,	and	
environmental	constraints.	These	factors	vary	and	should	be	deter-
mined	for	each	individual	case.	Therefore,	to	systematically	develop	
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successful	control	agents,	we	propose	a	 four-	step	approach	to	ex-
ploit	intraspecific	variation	efficiently	(Figure	2).	We	have	illustrated	
this	 optimization	 strategy	with	 an	 example	 of	 killing	 efficiency	 of	
parasitoids	 of	 the	 new	 invasive	 pest	D. suzukii.	We	 conclude	 that	





parasitoids	 of	D. suzukii	 might	 be	 optimized	 for	 biological	 control.	
In	 particular,	 the	 pupal	 parasitoid	 T. drosophilae	 and	 larval	 parasi-
toid L. heterotoma	might	be	subject	to	 improvement	 in	Europe	and	
North	America.	Before	 setting	up	 efficient	 breeding	programs	 for	
these	candidate	species,	additional	field	explorations	are	needed	for	
exploring	 amounts	 of	 intraspecific	 variation	 to	 choose	 and/or	 use	
the	most	competent	strain(s).	Besides	killing	efficiency,	other	traits	
can	be	targeted	for	optimization,	such	as	host	range	(in	particular	for	









to	be	able	 to	cope	 to	 some	extent	with	 the	 invasive	pest,	 such	as	
L. heterotoma and T. drosophilae	 in	Europe	and	North	America.	The	






Optimizing	 control	 agents	 requires	 thorough	 understanding	 of	
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